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Persistent confusion has existed between the intrinsic (Berry curvature) and the side jump mech-
anisms of anomalous Hall effect (AHE) in ferromagnets. We provide unambiguous identification of
the side jump mechanism, in addition to the skew scattering contribution in epitaxial paramagnetic
Ni34Cu66 thin films, in which the intrinsic contribution is by definition excluded. Furthermore, the
temperature dependence of the AHE further reveals that the side jump mechanism is dominated by
the elastic scattering.
PACS numbers: 72.15.Eb, 73.50.Jt, 75.47.Np
The anomalous Hall effect (AHE) has been an intrigu-
ing spin-dependent transport phenomenon in condensed
matter physics with its microscopic origin remaining un-
settled [1]. Experimental observations generally found a
power law relationship between the anomalous Hall re-
sistivity and the longitudinal resistivity of ρAH ∼ ρ
ξ
xx,
where ξ can be 1 or 2 according to the different and
competing proposed mechanisms [2–4]. Ascribing certain
mechanisms to the experimental observations is challeng-
ing and often results in controversy.
Karplus and Luttinger (KL) proposed the first micro-
scopic theory later known as the intrinsic mechanism [2].
It indicates a scaling exponent of ξ = 2, which could well
explain some experimental results such as the AHE of
iron [5], but fails to account for the AHE in other metals
such as nickel [6, 7], and dilute alloys [8–12]. On the other
hand, Smit argued that the inevitable impurity scatter-
ing should dominate the AHE and he proposed an ex-
trinsic mechanism called the skew scattering which gives
ξ = 1 [3, 6], in agreement with numerous experiments
[8–12], but not others such as iron. Fifteen years later
Berger proposed another extrinsic mechanism known as
the side jump with ξ = 2 [4]. Since then it appears
that the extrinsic mechanisms alone can adequately ex-
plain the AHE, and for decades the idea of the KL theory
was put aside [13–15]. However, the intrinsic mechanism
was revived after the KL theory was reformulated by the
modern Berry phase language [16], which can quantita-
tively predict the intrinsic anomalous Hall conductivity
for a given material by the first-principles calculation.
Reasonable agreement was found between the calculated
intrinsic AHE and the observed overall AHE in a wide
range of materials including ferromagnetic semiconduc-
tors [17], complex oxides [18], transition metals [19] and
their alloys [20]. These developments reestablish the in-
trinsic mechanism. In short, AHE has been controversial
for over fifty years with opinions swaying back and forth,
yet without consensus.
The current trend seems to favor again the intrinsic
mechanism [1, 21]. Most of the experimental observations
of ξ = 2 which was once ascribed to the side jump but
now attributed to the intrinsic mechanism. This leaves
little room for the side jump mechanism [21], and even
creates doubts whether it can be really detected in exper-
iments [22]. Although more recently an extra ξ = 2 term
in addition to the intrinsic mechanism was identified ex-
perimentally in Fe implying the presence of the side jump
[23]. There are also attempts to compare the measured
ξ = 2 term with first principles calculations and then to
obtain the side jump contribution as the difference [24–
26]. To date, there is no direct experimental verification
of the very existence of the side jump.
It is well known that the Berry curvature of the Bloch
electrons or the KL intrinsic mechanism could contribute
to the AHE only in a ferromagnetic system, where the
spin-up and spin-down electrons are unequally populated
at the Fermi level. In principle an external magnetic field
might induce a nonzero Berry curvature even in param-
agnetic systems. However this contribution to the Hall
effect is linearly proportional to the magnetic field, thus
experimentally indistinguishable with the ordinary Hall
effect. Therefore when the AHE is obtained after sub-
tracting the ordinary Hall contribution, such a possible
intrinsic component to the AHE is ineluctably excluded.
On the other hand, the left-right asymmetry in the scat-
tering of electrons induced by the magnetic moments can
exist not only in ferromagnets but in paramagnets as
well, giving rise to the extrinsic AHE, as clearly shown
by Fert et al., [8]. They studied intensively the AHE
in various paramagnetic systems with very diluted im-
purities, where only the skew scattering (or the linear
resistivity term) was found to be relevant [9–12, 27]. It is
evident today that in such a clean limit with very low re-
sistivity, even if the side jump or the quadratic resistivity
term exists it would be negligibly small comparing to the
skew scattering term [1, 28, 29]. Accordingly, in order to
identify the side jump mechanism it is more desirable to
explore in paramagnetic but moderately ”dirty” systems
with higher residual resistivity, in which the quadratic re-
sistivity term is comparable to the skew scattering term.
When a quadratic resistivity term can be unambiguously
realized in such systems, there are no other alternatives
but the side jump.
In this work, we investigated the AHE in Ni0.34Cu0.66
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FIG. 1. (color online) (a) An illustration of the thickness
steps of the paramagnetic Ni1−xCux film. (b) The RHEED
pattern of the MgO(001) substrate. (c) The RHEED pattern
of the Ni34Cu66 /MgO(001) film. (d) Grazing-incident X-ray
diffraction of the 10 nm-thick film of Ni34Cu66 /MgO(001).
alloy, which is paramagnetic with magnetic moments. We
used epitaxial Ni0.34Cu0.66 thin films of the same com-
position, but the resistivity can be tuned by varying the
film thickness and temperature. The result clearly show
a quadratic resistivity term besides the linear skew scat-
tering term, and therefore identifies directly and unam-
biguously the very existence of the side jump mechanism.
Furthermore, the temperature dependence of the AHE
shows that the side jump contribution ρsjAH scales with
the residual resistivity ρxx0 rather than the total resistiv-
ity ρxx, which presumably implies that the phonon con-
tribution to the side jump should be negligible compared
to that by the static defects in the material.
Ni1−xCux film of thickness varying from 5 nm to 15 nm
was grown on MgO(001) substrate at 150 K by molecular
beam epitaxy. A 5 nm-thick MgO protecting layer was
subsequently deposited onto the sample before taken out
from the ultrahigh vacuum to avoid the oxidation during
the transport measurement. More details of the experi-
mental setting can be found elsewhere [23, 30, 31]. It is
well established that the Curie temperature Tc of ferro-
magnetic Ni1−xCux alloys drop to 0 K at the composition
of x =42% [32], therefore we choose the composition of
x =34% to ensure its paramagnetism. A series of face-
centered-cubic (fcc) Ni0.34Cu0.66 films with various well-
controlled thicknesses are deposited on a single substrate
as illustrated in Fig. 1(a), by employing a shadow mask
technique [33]. The single crystalline nature is clearly
seen from the reflection high-energy electron diffraction
(RHEED) pattern of [Fig. 1(c)] and the high crystalline
quality is further verified by the grazing-incident X-ray
diffraction (XRD) [Fig. 1(d)]. Because of the distinct
lattice mismatch between fcc-Ni and fcc-Cu as well as
the total miscibility of Ni and Cu in Ni1−xCux for the
whole x range between 0 and 1, noticeable phase seg-
regated Ni clusters can be excluded by such high qual-
ity single crystallinity shown by RHEED and XRD. As
expected, no spontaneous magnetization or any trace
of super-paramagnetism can be detected by the SQUID
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FIG. 2. (color online) The transport properties of Ni34Cu66
/MgO(001) film. (a) longitudinal resistivity as a function of
temperature for various film thicknesses with no external field,
(b) Hall resistivity of the 13.7 nm-thick film as a function of
magnetic field for various temperatures. The magnetic field is
applied normal to the film plane. The insert shows the entire
scope of ρxy versus B for B up to 7 Tesla.
magnetometery (not shown). The sample was further
patterned into standard Hall bars by photolithography
for the transport measurement.
Fig. 2(a) shows the temperature dependence of the
longitudinal resistivity (ρxx) of the Ni34Cu66 thin films
for various thicknesses. The purpose of tuning ρxx via the
thickness and the temperature is two-fold. (i) the tun-
ing via the film thickness at fixed temperature T = 5 K
can separate the skew scattering from the side jump by
distinguishing the linear and quadratic resistivity terms
[34]; (ii) the tuning via the temperature for a film with
certain thickness will help clarify whether the scaling of
the side jump is ρsjAH ∝ ρ
2
xx0 or ρ
sj
AH ∝ ρ
2
xx, which in re-
turn tells whether the phonon-induced inelastic scatter-
ing contributes significantly to the side jump (the latter)
or not (the former). These two issues will be tackled in
the following.
As a representative case for the series of data at various
film thicknesses, the Hall resistivity of ρxy of 13.7 nm
thick Ni0.34Cu0.66 is shown in Fig. 2(b) as a function of
magnetic field at different temperatures. Following the
routine procedure to extract the anomalous Hall effect
[23], we obtain ρAH0 - the corresponding anomalous Hall
3resistivity at T =5 K, together with ρxx0 at T =5 K from
Fig. 2(a), then plot ρAH0/ρxx0 versus ρxx0 in Fig. 3(a)
as one set of data, together with all the others at various
film thicknesses, while its physical implication becomes
clear in the following. For such a paramagnetic system
at low temperature, because neither the phonon-related
contribution nor the intrinsic contribution to the AHE
should be considered, one can safely express ρAH0 as the
sum of a linear term (the skew scattering) and a quadratic
term (the side jump) of ρxx0, i.e.: ρAH0 = αρxx0+βρ
2
xx0,
or equivalently
ρAH0/ρxx0 = α+ βρxx0. (1)
α and and β denote the coefficients of the skew scatter-
ing and the side jump, respectively. Fig. 3(a) presents
the experimentally measured ρAH0/ρxx0 as a function of
ρxx0, which can be well described by a linear function
given by the above equation, as shown by the red line in
the figure. The intercept and the slope correspond to α
and β respectively, with the value α=(5.4 ± 0.2) × 10−3,
and β = −140 ± 5 Ω−1cm−1. The finite but nonzero β
or the quadratic resistivity term is definitely evidenced,
for the skew scattering alone apparently cannot explain
the experimental data [see the dashed line in Fig. 3(a)
of the best fit derived by the least-square method as-
suming β =0]. As the intrinsic AHE is by definition
ruled out due to the absence of ferromagnetism, the ob-
served quadratic resistivity term directly corresponds to
the side jump. With the determined α and β, the skew
scattering contribution and the side jump contribution
are shown in Fig. 3(b) by the green and red curves,
respectively. Quantitatively, the ratio |ρsjAH |/|ρ
sk
AH | is ap-
parently a function of ρxx0 varying from 1.06 as in the
thickest film to 1.15 as in the thinnest one. It is noted
that the signs of these two contributions remain opposite
to each other, meanwhile the amplitude of ρsjAH is always
larger than that of ρskAH , which leads to a net negative
ρAH .
After the direct and unambiguous experimental iden-
tification of the pure side jump in the AHE, it is very
interesting to further investigate its microscopic origin
on this unique platform. Recent experimental study [23]
confirmed that the phonon-induced scattering does not
contribute into the skew scattering as suggested theoret-
ically [15]. In other word, ρskAH is proportional to ρxx0
rather than ρxx. It is yet unclear whether the same con-
clusion should apply to the side jump mechanism. In fact
there are two scenarios existing in the literature concern-
ing this term, i.e. (I) ρsjAH ∝ ρ
2
xx0 as suggested by
Ref. [23, 35], or (II) ρsjAH ∝ ρ
2
xx as adopted by Ref.
[24, 25]. The validity of the two scenarios shall in princi-
ple be distinguished by tuning ρxx via temperature, for
the former should be temperature independent but the
latter definitely temperature dependent.
Unlike those ferromagnetic systems such as Fe and Ni
thin films, in which M almost remains constant in the
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FIG. 3. (color online) (a) The plot of ρAH0/ρxx0 vs ρxx0 ob-
tained at 5 K. The red solid line is the linear fitting employing
Eq. (1). The dashed line is the fitting assuming β =0. (b)
The contribution of side jump ρsjAH (green) and skew scatter-
ing ρskAH (red) and the total AHE ρAH (black) for various film
thicknesses at 5 K.
relevant temperature region where the study of the AHE
was conducted [23, 33], in paramagnetic systems M cer-
tainly varies dramatically with the temperature. The
fact that the magnetizationM itself is a function of tem-
perature will affect the AHE according to the relation
ρAH ∝ M [1, 36]. For a weak magnetic field, M(T )
follows Curie’s law, i.e. M ∝ 1/T when µB << kBT .
In the following analysis we fix B at 60 mT. ρAH can
be derived by subtracting the normal Hall contribution
from the total Hall resistivity, where the normal Hall co-
efficient is derived by fitting the high field (7 T-5 T) ρxy-
H data. Fig. 4(a) shows the temperature dependence
of ρAH for the representative 13.7 nm-thick film when
B =60 mT, in which a decaying feature as the temper-
ature ascends is clearly seen. In Fig. 4(b) we plot the
corresponding ρAH versus 1/T curve. Although for most
temperatures explored here ρAH appears to follow linear
dependence on 1/T as shown in the insert of Fig. 4(b),
it is noted that at the lowest temperatures (T < 20 K),
ρAH does not strictly follow M(T ) or the Curie’s law,
similar to the previous observation by Fert et al. [12].
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FIG. 4. (color online) (a) The temperature dependence of
ρAH and (b)ρAH vs 1/T curve for the 13.7 nm-thick film at
B=60 mT, derived by subtracting the normal Hall contribu-
tion from ρxy. The insert in (b) shows the magnified view for
T > 50 K. The dashed red line is the guide to the eyes. (c)
and (d): M(T )/M5K vs 1/T derived from (b) Eq. (2) and (c)
Eq. (3) respectively. The red curves are the fitting results of
M(T )/M0 ∝ k/T .
Nevertheless ρAH ∝M holds for 20 K< T <340 K.
Considering both the possible scenarios concerning the
longitudinal resistivity, Eq. (1) could be extended to a
more general expression to reflect the temperature de-
pendence of M(T ) explicitly as
M(T )
M0
= ρAH/(α
′M0ρxx0 + β
′M0ρ
2
xx0), in case (I); (2)
or
M(T )
M0
= ρAH/(α
′M0ρxx0 + β
′M0ρ
2
xx), in case (II). (3)
Again, the footnote ”0” denotes the lowest tempera-
ture 5 K as in our experiment. α′M0 and β
′M0 are in
fact the previously α and β respectively that have be de-
rived at low temperature 5 K as presented in Fig. 3(a).
Apparently the normalized magnetizationM(T )/M0 can
be calculated by employing either Eq. (2) or Eq. (3).
The validity of the adapted scenario could be checked
by examining whether the correspondingly derivedM(T )
follows Curie’s law, i.e. if M(T )/M0 is linearly pro-
portional to 1/T . In Fig. 4(c) and Fig. 4(d) we show
the normalized magnetization M(T )/M0 of the 13.7 nm-
thick film which are derived according to Eq. (2) and
Eq. (3) respectively. While M(T )/M0 obtained by as-
suming ρsjAH ∝ ρ
2
xx0 shows nice agreement to the linear
fitting [Fig. 4(c)]; the assumption ρsjAH ∝ ρ
2
xx produces
a M(T )/M0 that shows remarkable deviation from the
linear fitting [Fig. 4(d)]. This strongly suggests the su-
periority of Eq. (2) over Eq. (3). The implication of this
sharp contrast is, as we discussed above, that the phonon-
induced scattering process does not contribute the side
jump mechanism. Although unexpected in pure param-
agnetic materials, a negative intercept was found in the
linear fitting as presented in Fig. 4(c) and 4(d), similar
to the previous observations of a temperature-invariant
contribution in the magnetic susceptibility measurement
[37, 38]. Nevertheless this temperature independent term
should not affect our argument.
In conclusion, we have observed a component of
the AHE that is proportional to ρ2xx0 in paramagnetic
Ni34Cu66 thin films. With the absence of spin-splitting
and hence the intrinsic AHE, the observation of this
quadratic term unambiguously points to the presence
of the side jump mechanism. Further analysis of the
temperature dependence of the AHE points out that
the phonon contribution to the side jump is negligible.
This implies that elastic scattering processes dominat-
ingly contribute the side jump mechanism.
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